Vehicular communication channels are characterized by a non-stationary time-and frequency-selective fading process due to rapid changes in the environment. The non-stationary fading process can be characterized by assuming local stationarity for a region with finite extent in time and frequency. For this finite region the wide-sense stationarity and uncorrelated-scattering (WSSUS) assumption holds approximately and we are able to calculate a time and frequency dependent local scattering function (LSF). In this paper, we estimate the LSF from a large set of measurements collected in the DRIVEWAY'09 measurement campaign, which focuses on scenarios for intelligent transportation systems. We then obtain the time-frequency-varying power delay profile (PDP) and the time-frequency-varying Doppler power spectral density (DSD) from the LSF. Based on the PDP and the DSD, we analyze the time-frequency-varying root mean square (RMS) delay spread and the RMS Doppler spread. We show that the distribution of these channel parameters follows a bi-modal Gaussian mixture distribution. High RMS delay spread values are observed in situations with rich scattering, while high RMS Doppler spreads are obtained in drive-by scenarios.
I. INTRODUCTION Vehicular communication systems are currently under active investigation to enable intelligent transportation systems (ITS) contributing to safety improvements and environmentally friendly driving. The IEEE 802.11p [1] standard, now included in 802.11 amendment 6, has been drafted for that purpose.
In order to evaluate the performance of vehicular communication systems, receiver structures are being developed and tested by means of numerical simulations [2] - [10] . It is crucial to use realistic channel models for these simulations. Therefore, an effort in channel measurement and characterization has to be made in order to extract the channel parameters describing the fading properties of the radio channel.
The main challenge for vehicular communications are the rapidly changing radio propagation conditions that strongly differ from cellular wireless networks. Both, the transmitter (TX) and the receiver (RX) are mobile, and the scattering environment can change rapidly. Hence, the vehicular communication channel is characterized by a non-stationary fading process [11] - [18] .
Literature Review:
In the literature vehicular channels are commonly characterized by means of the pathloss exponent [19] - [21] , the RMS delay and Doppler spread [19] , [22] , [23] , the distribution of the signal envelope, the power delay profile (PDP), and the Doppler power spectral density (DSD). Regarding the RMS delay spread, the smallest value is obtained in rural environments [22] , [24] , and the largest in urban environments [23] - [25] . Few results are available with respect to the RMS Doppler spread [17] , [22] , [24] . Convoy measurements show a lower RMS Doppler spread (but higher non power weighted spread) than on-coming measurements. However, none of the mentioned publications analyze the time-variability of the statistical properties of the non-stationarity fading process in vehicular channels.
The non-stationary fading process of vehicular channels can be characterized assuming local stationarity for a region with finite extent in time and frequency [11] , [26] . For this finite region the wide-sense stationarity and uncorrelated-scattering (WSSUS) assumption holds approximately and we are then able to calculate a time and frequency dependent local scattering function (LSF) [13] , [27] .
In [28] a related concept is used to calculate a LSF in order to quantify channel parameters and the channel capacity. However, the channel parameters are only characterized for a single stationarity region. The time-variability of the power spectral density is corroborated through numerical simulations obtained from a geometry based V2V channel model in [29] . However, the simulation results are not linked to, or validated by, empirical channel measurements.
The distribution of the stationarity distance of V2V measurement data is characterized in [14] . Furthermore the distributions of large-and small-scale fading are extracted taking the stationarity distance into account. The empirical distributions are modeled by means of the generalized extreme value distribution [14] .
Noteworthy is that the channel parameters reported in the previously listed publications were extracted from measurements using a cellular-based scenario description for highway, rural, suburban, and urban environments. These definitions are not well matched to the safety relevant scenarios where ITS will often be applied. A first preliminary evaluation of the RMS delay and RMS Doppler spread for only the in-tunnel case was presented in [30] .
Contributions of the Paper:
• We define vehicular radio propagation scenarios based on safety-critical applications for ITS. A large set of channel measurements is acquired in these scenarios.
• The time-frequency-varying second central moment in the delay and in the Doppler domain are characterized by means of the RMS delay spread and RMS Doppler spread for all scenarios individually.
• We provide a simple but accurate model for the statistical distribution of these parameters using a bi-modal Gaussian mixture.
Organization of the Paper:
The measurement setup is introduced in Sec. II. In Sec. III we describe the measurement scenarios and their novel aspects. The measured data and the performed post-processing is discussed in Sec. IV. The mathematical description of the time-frequency-varying channel parameters is presented in Sec. V, and used for the full characterization of the channel parameters in Sec. VI. We draw conclusions in Sec. VII.
II. THE DRIVEWAY'09 MEASUREMENT CAMPAIGN This paper aims at statistically characterizing the entire set of measurements collected in 2009 in an extensive vehicle-to-vehicle radio measurement campaign, named DRIVEWAY'09. The size and shape of the vehicle carrying the measurement equipment influences the measured channel frequency responses. Therefore we use passenger vehicles in order to obtain results representing real propagation conditions. The channel sounder and the batteries needed for power supply were loaded in the trunk of the TX and the RX vehicle.
The measurements were done with the RUSK-Lund channel sounder, which operates based on the switched sounding principle [31] . A multi-carrier sounding signal is utilized to obtain the time-variant channel estimates in the frequency domain [32] . The output of the channel sounder TX is connected, through a high speed switch, to a four-element uniform linear array mounted on the roof-top of a vehicle. The antennas are specially designed for this measurement campaign [33] . Similarly, the RX antennas on the roof of the second car are connected, through a switch, to the sounder RX. The array consists of four circular patch antennas separated by a distance of λ/2. Each antenna element is tuned in order to make its radiation pattern slightly directional, such that the main radiating directions of the antenna array are front, back, right, and left with respect to the driving direction. The transmit and receive antenna indices n RX , n TX ∈ {1, 2, 3, 4} correspond to the main radiation directions {left, back, front, right}. The combined antenna radiation pattern of the array resembles the one of an omnidirectional antenna.
The directionality of the patterns is achieved by setting the feeding point at an antenna edge, different for each element, and by the addition of a parasitic element, which acts as a director. The array and the parasitic elements are encapsulated into a conventional vehicular antenna module, with the particularity that it was mounted perpendicular to the driving direction in order to allow for directional analysis.
The antennas are matched to a center frequency of 5.6 GHz and a bandwidth of 240 MHz in accordance to the measurement frequency and bandwidth. The design of the antennas is such that the antenna gain remains on average within a variation of 10 dB for the whole bandwidth. More details regarding the antenna properties can be found in [33] .
In this paper we consider the antenna as well as the effects of the metallic vehicle hull as part of the channel. Only directionally resolved measurements would allow to separate the antenna effects, but this approach is not feasible for the measurement of time-variant non-stationary channels due to small coherence and stationarity times which limit the number of antenna elements.
A total of L = 4 × 4 = 16 links are measured at a carrier frequency of 5.6 GHz, which is the highest supported by the RUSK LUND channel sounder setup [34] . Nevertheless, it is close enough to the 5.9 GHz frequency band, assigned for ITS communications in Europe by the European commission [35] . We expect that the propagation characteristics will not differ significantly at these two carrier frequencies.
We measured a total bandwidth of B = 240 MHz using a transmit power of 27 dBm. The snapshot repetition time was set to t s = 307.2 µs, with a sampling sequence length of T = 3.2 µs. Within one snapshot all L = 16 antenna links are sounded individually by time multiplexing. After each sounding sequence of length T a silent period of minimum length T is applied to avoid distortions due to late reflections. This setup defines the maximum delay that can be resolved, hence τ max = T [32] 1 . With these parameter settings we achieve a maximum resolvable Doppler shift of 1/(2 t s ) = 1.6 kHz, and a minimum delay resolution of 1/B = 4.17 ns. Table I summarizes the DRIVEWAY'09 main sounding parameters. More details regarding the measurement campaign can be found in [36] . III. SAFETY-RELATED MEASUREMENT SCENARIOS The measurements presented in this publication are defined for application specific scenarios, based on the European Telecommunications Standards Institute (ETSI) basic ITS application set definition [37] . In the following we present these scenarios together with their particularities:
• Road crossing: This scenario consists of a conventional street crossing in rural, suburban, and urban environments, where both vehicles approach the crossing from perpendicular directions, driving at speeds between 2.8 and 13.9 m/s (10 − 50 km/h). Within this category we define four sub-scenarios so that we can measure crossings under various configurations: suburban with traffic ( Fig. 1 (a) ), suburban without traffic ( Fig. 1 (b) ), urban single lane (Fig. 1 (c) ), and urban multiple lane ( Fig.  1 (d) ). The placement of buildings and therefore the availability of a LOS component will be an important aspect for the modeling of this scenario as we will see in Section VI.
• General LOS obstruction -highway ( Fig. 1 (e) ): This scenario investigates the influence of line-ofsight (LOS) obstruction in highway environments. Both, the TX and RX are driving in the same direction on the highway with similar velocities between 19.4 and 30.5 m/s (70 − 110 km/h). There are other big trucks which are intermittently obstructing the LOS between TX and RX.
• Merging lanes -rural (Fig. 1 (f) ): Here we consider a special intersection case; a ramp intersecting with a main street with partly obstructed junction. The specific bridge where measurements were performed is spanning the sea over more than 5 km. We have carried out between 3 and 15 measurement runs per scenario in order to enable statistical analysis.
IV. MEASURED DATA AND ANALYSIS
In this section we present the mathematical notation for the measured impulse response and we describe the calculation of the time-frequency-varying power spectral density of the non-stationary fading process. Due to lack of space, we are going to augment the description of each parameter with only two illustrative examples taken from the DRIVEWAY'09 measurement campaign. These examples are the street crossing of single lane streets in an urban environment ( Fig. 1 (c) ), and the general LOS obstruction in a highway environment ( Fig. 1 (e) ). Other examples can be found in [38] .
A. Recorded Impulse Responses
In vehicular communications, the environment changes rapidly due to the high mobility of the RX, the TX, and scatterers; and the antennas are placed on the roof-top of the vehicles. Under these conditions the channel frequency response H(t, f ) is time-varying and frequency-selective, where continuous time and frequency is denoted by t and f , respectively.
For the DRIVEWAY'09 measurements, Q = 769 frequency bins in B = 240 MHz total measured bandwidth are collected over L = 16 links. For each measurement run, we record a total number of S = 32500 or S = 65000 snapshots with a snapshot repetition time of t s = 307.2 µs. Due to the multicarrier (frequency-domain) principle of the channel sounder it directly supplies a sampled measurement of the time-variant frequency response:
where the time index m ∈ {0, . . . , S − 1}, the frequency index q ∈ {0, . . . , Q − 1}, and link index ∈ {1, . . . , L}. The resolution in the frequency domain is denoted by f s = B/Q. The mapping between the link index and the TX and RX antenna indices is given by 
B. Locally Defined Power Spectral Density
In this paper we are especially interested to characterize the dispersion of the signal through the vehicular channel in the delay-Doppler domain caused by multipath propagation and mobility. Due to the fast changing propagation conditions, which are a key feature of vehicular communications, the observed fading process is non-stationary [11] - [14] . Since the environment changes with a finite rate we can overcome the non-stationarity by approximating the fading process to be locally stationary for a region with finite extent in time and frequency [26] . This allows us to estimate locally the power spectral density of the fading process to describe its time-frequency-varying statistical behaviour and its Doppler-delay dispersion, also discussed in [39] .
1) The Local Scattering Function (LSF) Estimator: When estimating the power spectrum of a process using measurements, it is very difficult to obtain statistically independent realizations of the same process. By tapering the measurement data using orthogonal windows, and by estimating the spectrum of each individual resulting windowed data set, we obtain multiple independent spectral estimates from the same measurement data set. The total estimated power spectrum is then calculated by averaging over all tapered spectra [40] , [41] . This approach allows to balance the noise variance and the square bias.
For sampled time-and frequency selective channels H[m, q] we use the discrete version of the LSF multitaper based estimator, introduced in [11] , [26] for the continuous-time case. The tapers in our application are computed from I orthogonal time-domain tapers and J orthogonal frequency-domain tapers, resulting in a total of IJ orthogonal two-dimensional tapering functions.
We assume that the fading process is locally stationary within a stationarity region that has a general extent of M × N samples in time and frequency, respectively (later we will specify the concrete values for the extend of the stationarity region). Then, we calculate the LSF for consecutive stationarity regions. The time index of each stationarity region k t ∈ {1, . . . , S/M − 1 } and corresponds to its center, the frequency index k f ∈ {1, . . . , Q/N − 1 } is also corresponding to its center. The relative time index within each stationarity region is m ∈ {−M/2, . . . , M/2 − 1}. The relationship between the relative and absolute time index is given by m = k t · M + m . Similarly, the relative frequency index within each stationarity region is q ∈ {−N/2, . . . , N/2 − 1}, and its relationship to the absolute frequency index is given by q = k f · N + q .
We compute an estimate of the discrete LSF [11] , [27] aŝ
where n ∈ {0, . . . , N − 1} denotes the delay index, and p ∈ {−M/2, . . . M/2 − 1} the Doppler index, respectively. The LSF at (k t ,k f ) corresponds to the center value of the time-frequency stationarity region. The windowed frequency response reads
The window functions G w [m , q ] shall be well localized within the support region
We apply the discrete time equivalent of the separable window function used in [26] ,
where w = iJ + j, i ∈ {0, . . . , I − 1}, and j ∈ {0, . . . , J − 1}. The sequences u i [m ] are chosen as the discrete prolate spheroidal sequences (DPSS) [42] with concentration in the interval I M = {0, . . . , M − 1} and bandlimited to [−I/M, I/M ]. The DPSS are the solutions to the Toeplitz matrix eigenvalue equation [41] , [42] 
The
In [43] we showed that the fading process in the vehicular radio channel is neither stationary in time (i.e. the wide-sense stationary (WSS) assumption does not hold) nor in frequency (i.e. the uncorrelatedscattering (US) assumption does not hold), and obtained the minimum stationarity region dimensions of 40 ms in time and 40 MHz in frequency. Therefore, for this investigation we select M = 128, and N = 128, which correspond to a stationarity region of 39.32 ms and 39.95 MHz.
With these parameters the obtained resolutions are t s = 307.2 µs in time, f s = 312.09 kHz in frequency, τ s = Q/(BN ) = 25 ns in delay and ν s = 1/(t s M ) = 25.43 Hz in the Doppler domain respectively.
2) Power Delay Profile and Doppler Power Spectral Density: The power delay profile (PDP) and the Doppler power spectral density (DSD) are widely used to describe the average dispersion of the transmitted signal in time and frequency. The PDP is the projection of the LSF on the delay domain, whereas the DSD is the projection of the LSF on the Doppler domain [11] , [44] .
Based on the LSFĈ[k t , k f ; n, p], the time-frequency-varying PDP and time-frequency-varying DSD can be defined asP
andP
where E x {·} denotes expectation over the variable x. We consider the combined LSF for L = 16 links in order to resemble an omnidirectional antenna radiation pattern asĈ
is the LSF estimated for each individual link as in Eq. (3). In Fig. 2 the time-varying PDP and DSD of our example measurement runs are depicted for k f = 3 (corresponding to the stationary frequency range of 5480 − 5520 MHz), and will be described next. The PDP is plotted in the upper row (Figs. (a) and (b) ), and the DSD is shown in the lower row (Figs. (c)  and (d) ). The plots on the left hand side of the figure correspond to the street crossing scenario in an urban environment. The ones on the right hand side correspond to measurements taken on the highway with TX and RX driving in the same direction.
• Road crossing -urban single lane From 0 to 7 seconds the two vehicles approach the crossing from perpendicular streets without LOS, see Fig. 1 (c) . Due to multipath reflections on the buildings in the street or on other vehicles parked beside the street, the communication can be still established from the TX to the RX. Due to the higher attenuation, we observe a weak signal component during this time interval in Figs. 2 (a) and (c). Furthermore, in the DSD (Fig. 2 (c) ) we notice that the signal component is curved, starting from values of a Doppler shift of 0 Hz, increasing to 300 Hz, and then decreasing again. This is caused by the TX vehicle, which was in a static position at the beginning of the measurement, accelerated at the start of the measurement, and braked when arriving at the crossing. We also observe some late components coming from reflections on other objects in the street for the PDP at 5 s in Fig. 2 (a) and (c).
There is a clearly distinguishable region in Figs. 2 (a) and (c) between seconds 7 and 10. During this time interval both vehicles are at the crossing, the TX stops to give way to the RX, which passes by. Here, both a strong LOS component as well as more multipath components (MPCs) are present. This happens because the TX and RX are placed in a more open area where both the direct link and reflections with other near-by objects are stronger.
• General LOS obstruction -highway The time-varying PDP and DSD for 40 MHz stationary frequency range are depicted in Figs. 2 (b) and (d). At the beginning of the measurement, the direct path between the TX and the RX is obstructed by a truck, all three vehicles are driving at about 33.3 m/s (120 km/h). During the measurement run, which lasts 10 seconds, the truck in between the two vehicles changes lanes and leaves the LOS free of obstruction. Since this is a convoy measurement, the Doppler shift of the strongest component remains constant at 0 Hz in Fig. 2 (d) , because the relative speed between TX and RX does not change. We can also appreciate that by looking at the PDP in Fig. 2 (b) , where the first component remains also constant in delay. Furthermore, MPCs caused by reflections on vehicles and trucks driving in the same direction and in opposite direction are visible, mainly in the PDP.
V. TIME-FREQUENCY-VARYING RMS DELAY SPREAD AND RMS DOPPLER SPREAD A radio channel can be described by its root mean square (RMS) delay spread and its RMS Doppler spread [45] , which have been usually assumed to be constant in time and frequency. However, as mentioned before, the fading process in vehicular channels is a non-stationary process with local stationarity within a finite stationarity region. Therefore, it makes sense to characterize the RMS delay spread and RMS Doppler spread as time-frequency-varying channel parameters.
A. Definition
The second order central moments of the PDP and the DSD are important for the description of the fading process. They are directly related to the coherence bandwidth and coherence time of the channel, which indicate the rate of change of the channel in frequency and time, respectively [45] .
The time-frequency-varying RMS delay spread
and the time-frequency-varying RMS Doppler spread
are calculated using the estimated PDP (P τ ) and DSD (P ν ), respectively. Preprocessing of the estimated LSF is performed in order to eliminate spurious components that would lead to erroneous results. We apply a noise-power threshold to eliminate noise components that could be mistaken as MPCs [45] , and it is chosen to be 5 dB above the noise floor that is determined from delay values larger than 2 µs. The thresholding is done separately for each stationarity region. On average the noise-power threshold is around −85 dBm. Figure 3 shows the time-frequency-varying RMS delay spread for a general LOS obstruction convoy measurement on the highway. Here, both the time variability and the frequency variability of this parameter are notable. For the sake of simplicity in the analysis that follows, we decide to select only one stationarity frequency region, namely the one corresponding to the frequency range 5480 − 5520 MHz, and look at the time-variability of the channel parameters.
B. Empirical Results
When analyzing the time-varying channel parameters, it is helpful to look at the time-varying PDP and DSD. In Fig. 2 , the presence of diffuse components is noteworthy, which is more significant in the urban scenario. Furthermore, we observe some late components resulting from reflections on other objects beside the street. We also highlight that the strong time-variability of the channel is more pronounced in the street crossing measurement in the urban environment. Figure 4 depicts the obtained time-varying RMS delay spread and RMS Doppler spread for the two illustrative measurements for the frequency range 5480 − 5520 MHz. The results for the highway measurement are plotted as gray solid line with star markers, and the results for the urban scenario are shown as mere solid black line.
• RMS delay spread σ τ
In the general obstructed LOS scenario, the RMS delay spread oscillates around 50 ns and it decreases when the late MPCs have no significant power in comparison to the strongest MPC, which happens between 1 and 4 s, see Fig. 4 (a). For the street crossing scenario, the RMS delay spread is higher towards the end of the measurement run due to the richness of MPCs present in the environment at this moment. Note the peak right before 5 s, which occurs due to a strong late contribution, as observable in the PDP in Fig. 2 (a) .
• RMS Doppler spread σ ν
There is a big difference in the RMS Doppler spread for the two selected measurements, as one can clearly see in Fig. 4 (b) . The general LOS obstruction scenario corresponds to a convoy measurement, i.e. the two vehicles drive in the same direction at more or less constant speed. This results in a constant Doppler component at 0 Hz, see Fig. 2 (d) . The RMS Doppler spread for this case remains also roughly constant at around 33 Hz. Nevertheless, it can happen that the RMS Doppler spread increases when new MPCs with strong power are present, as in Fig. 2 (d) between 5 and 6 s. On the other hand, the street crossing measurement consists of two vehicles approaching each other, i.e. an oncoming measurement. Here we observe a relatively constant RMS Doppler spread around 20 Hz until 4.5 s. As we can see in the DSD plot in Fig. 2 (b) , we only have one strong Doppler component from 4.5 s until 5 s, which contributes to increase the RMS Doppler spread. From 5 s and onwards, the strong MPC disappears and more Doppler components are present which increases the RMS Doppler spread. This results in the increase of the RMS Doppler spread at 7.3 s. At that point the RMS Doppler spread reaches a maximum value and oscillates around 400 Hz. The number of different Doppler components relevant during this period remains also fairly large, as can be observed in Fig. 2 (c) .
VI. STATISTICAL MODELING Until now we have analyzed single measurement runs for two different scenarios for one stationarity region in frequency (40 MHz), but actually we want to characterize the entire measurement data set and derive a meaningful statistical parametrization for each scenario. Therefore, we perform the same analysis for each individual measurement run for all scenarios and for all stationarity regions in frequency (6 regions of 40 MHz each over the 240 MHz of total measurement bandwidth).
A. Fitting of Empirical Distributions
In order to smoothly proceed from the results presented previously, we continue with the selected example scenarios for our illustrations. Based on the shape of the histograms (not shown), we chose a bi-modal Gaussian mixture distribution for statistical characterization. The probability density function (PDF) p of a bi-modal Gaussian mixture distribution reads [46] 
where z denotes the random variable to be described by the PDF, i.e. either the RMS delay spread σ τ or the RMS Doppler spread σ ν . The bi-modal Gaussian mixture is truncated to the interval z ∈ (0, z max ) were z max either represents the maximum RMS delay spread σ τ,max or the maximum RMD Doppler spread σ ν,max .
To obtain a true PDF we correct for the truncated tail of the PDF with the coefficient
denoting the cumulative distribution function (CDF) of the bi-model Gaussian mixture without truncation and
for z ∈ (0, z max ) denotes the CDF of the truncated bi-modal distribution. The parameters listed in Tab. II are the mean µ x and standard deviation σ x , where x ∈ {1, 2} indexes each Gaussian component, and w is the weighting factor. We plot in Fig. 5 the cumulative distribution function (CDF) of the time-frequency-varying channel parameters for all measurement runs performed under the same conditions. The solid lines correspond to the empirical CDF obtained from the measurements, in dashed lines we plot the fitted CDF. The two different scenarios are distinguished by the marker symbols: gray lines with star markers correspond to the general LOS obstruction scenario, whereas the black lines without markers are employed for the street crossing scenario.
We show the agreement between the empirical CDF F Z (z) and the analytical CDF F 0 (z) in Fig. 5 . Moreover, we use here also the Kolmogorov-Smirnov (KS) test as a goodness-of-fit (GoF) indicator [47] calculating GoF = sup
where sup denotes the supremum. The result of this test is listed in Tab. II in the column GoF. The significance level of GoF ≤ γ = 0.11 indicates a good fit. A bi-modal Gaussian mixture distribution is adequate for modeling these channel parameters since the channel parameters are highly dependent on the presence, or lack, of strong MPCs. The first Gaussian components encompasses the channel parameters values for a LOS situation when later MPCs have minor relevance. On the other hand, for non-LOS situations where the later MPCs are significant, the channel parameter values are described by the second Gaussian component.
We perform the same analysis for the whole data set and depict the fitting parameters in Tab. II. Looking at the weighting factors w and 1 − w, we observe that the weighting factor for one of the Gaussian components is always much greater than for the other component. During the measurements there is a transition between LOS and non-LOS situations, the weighting factor indicates how often these two situations are observed in each scenario. When w is close to 1 or 0 the probability of transition will be low.
Please note that the mean values µ 1 and µ 2 of the bi-modal Gaussian mixture can be interpreted as the mean values of the channel parameter (i.e. the RMS delay or RMS Doppler spread) for LOS and non-LOS situations within a single scenario. While the standard deviation is a measure of the non-stationarity of the channel. The larger the standard deviation is, the less stationary is the channel and the more the channel parameter (i.e. the RMS delay or RMS Doppler spread) will vary within one scenario 2 .
B. Discussion of Statistical Results
After processing all measurement runs we can draw conclusions based on the obtained statistical distributions for each traffic-scenario. It is important to mention that the line of argument is based on mean values. It can however happen that at a given time instant, values of RMS delay and Doppler spread do not follow the described trend. Critical values of the RMS spreads for a communication system are going to be the extreme maxima. We display these extreme maxima in the fourth last column of Tab. II.
1) RMS delay spread σ τ : Interestingly, low RMS delay spreads are obtained in highway environments, in the traffic congestion scenario with mean values around 30 ns. As it was already observed in [48] , other vehicles driving beside the TX and the RX are scatterers that are not as relevant as one might expect. This is due to the fact that the roof-top antenna in our set-up is placed at a position slightly above the other vehicles and that the antenna patterns show a low gain in the horizontal or below horizontal elevation angle. More relevant MPCs stem from big scattering objects such as trucks or big metallic structures.
Slightly higher RMS mean delay spreads have been obtained in street crossing situations, with values between 40 and 50 ns. The highest mean RMS delay spread values is obtained for the in-tunnel scenario, where big metallic structures, e.g. the ventilation system in the tunnel, placed relatively close to the vehicles, contribute to increasing the RMS delay spread.
The two merging streets in the merging lane scenario were located in a rural environment, with very few scattering objects in the surroundings and not much traffic, therefore the RMS delay spread is small.
During the measurements taken for the general LOS obstruction scenario, several trucks were driving beside the TX and the RX and were blocking the LOS. The RMS delay spread in this scenario is mainly determined by the presence of these big objects. The maximum RMS delay spread values are below 1 µs, ranging from 200 to 900 ns.
2) RMS Doppler spread σ ν : In the case of RMS Doppler spread, the weighting factors vary depending on the relative speed between TX and RX, and the angle between them.
The RMS Doppler spread is in general larger for the street crossing scenarios. A reason for that is the rapid change of the main Doppler component from positive to negative values (approaching and leaving). Also high RMS Doppler spreads are observed in the in-tunnel and on-bridge scenarios. There, the later arriving MPCs caused by reflections on metallic surfaces are strong and therefore contribute to enlarging the RMS Doppler spread values.
The RMS Doppler spreads tend to remain constant at low levels in scenarios where the TX and RX vehicles are driving in the same direction, at the same speed, and where the MPCs are not strong. This is somehow expected since the most relevant Doppler component remains around 0 Hz throughout all the measurement runs for same direction measurements.
The maximum RMS Doppler spread values are in the order of hundreds of Hz, mostly between 400 and 600 Hz with a maximum of 933.70 Hz.
3) Coherence Bandwidth and Coherence Time: A further insight about the frequency selectivity of the channel can be derived from these channels parameters and be used in system performance simulations. The RMS delay spread relates to the coherence bandwidth through an uncertainty relationship as B coh,k ≥ arccos(k)/2πσ τ , with k being a specific level such that the channel autocorrelation function | R H (t, B coh,k ) | < k [49] . The coherence bandwidth indicates the severity of the channels' frequency selectivity. The time selectivity is reflected in the RMS Doppler spread and relates to the coherence time as T coh,k ≥ arccos(k)/2πσ ν , with k such that | R H (T coh,k , f ) | < k. Usual values of k are 0.5 and 0.75 [45] . We choose k = 0.5 for calculating the coherence parameters, with T coh computed form the maximum RMS Doppler spread, and B coh computed from the maximum RMS delay spread. The results are listed as extra columns on the right side in Tab. II. Coherence times are in the range from 180 to 500 µs, and coherence bandwidths range from 200 kHz to 700 kHz. Hence the vehicular channel in all measured scenarios is strongly time-and frequency-selective.
VII. CONCLUSIONS
In this paper the non-stationary fading process of vehicular channels is analyzed. For this purpose we used radio channel measurement data collected in safety-relevant traffic scenarios for intelligent transportation systems (ITS).
The local scattering function (LSF) is estimated based on the measured sampled time-varying frequency response. We derived the time-frequency-varying projections of the LSF on the delay and the Doppler domain, to obtain the time-frequency-varying power delay profile (PDP), and the time-frequency-varying Doppler power spectral density (DSD) of the non-stationary fading process. Based on these results we calculated the second order central moment of the PDP and DSD defining the time-frequency-varying root mean square (RMS) delay spread and the RMS Doppler spread. The empirical distribution of the RMS delay spread and Doppler spread for each traffic scenario was fitted by means of a simple but accurate bi-modal Gaussian model.
By looking at the mean values of the time-frequency-varying parameters for all measured scenarios, we conclude that high RMS delay spreads are mostly observed: (i) in situations with obstruction of the line of sight with big reflecting objects driving beside the TX and RX direct link, and (ii) in environments where big, often metallic, structures are placed close to the TX-RX. High RMS Doppler spreads occur in: (i) drive-by scenarios, and (ii) situations where late Doppler components are significant, mainly caused by well-reflecting objects.
